Introduction {#S0001}
============

High-risk human papillomaviruses (HR HPV) are the causative agent of multiple types of cancer and account for approximately 5% of the total global burden of cancer.[@CIT0001] There are six types of cancers that can be caused by HR HPV: cervical, vulvar, vaginal, penile, and anal, and head and neck cancers of the oropharynx. Nearly 100% of cervical, 40--51% of vulvar, 40--80% of vaginal, 36--80% of penile, 90--93% of anal cancers, and up to 71% of oropharyngeal cancers are caused by HR HPV.[@CIT0002]--[@CIT0008] HPV causes the majority of oropharyngeal head and neck cancers in the US, rising above cervical cancer incidence rates, and once a person has an HPV-associated anogenital cancer, their risk of a second anogenital cancer increases, ranging from 1.75 fold to nearly 14 fold.[@CIT0007],[@CIT0009] Thus, HR HPV infection and HPV-associated cancers are a significant global health concern. While effective surgical and ablative therapies exist, treatment options are limited and have high toxicities, leading to rising rates of cancer morbidities.[@CIT0010],[@CIT0012] Understanding the biology and molecular underpinnings of HPV-associated cancers may lead to identification of novel and specific therapeutic targets and effective treatment strategies.

HR HPV infection drives oncogenesis primarily through the actions of its major oncoproteins E6 and E7, which target the p53 pathway and pRb pathway, respectively, to promote aberrant cellular proliferation. However, although HR HPV infection and its oncoproteins are required for malignant progression, they are not sufficient for transformation. Accumulation of additional genetic mutations, dysregulation of gene expression, and disruption of cellular pathways are required for the full development of HPV-associated cancers. Exactly what these changes are and how they contribute to the initiation and maintenance of cancer in the context of an HPV infection have not been fully explored. Profiling the mutational and gene expression landscapes of tumors is therefore a key area of ongoing research in the biology of HPV-associated cancers.

Integrated genomic and molecular characterization studies of cervical cancers have reported mutations in a number of critical regulatory genes.[@CIT0013]--[@CIT0016] In addition to identifying mutations in HPV-associated cervical cancers, connecting genetic mutations to changes in gene expression and dysregulated pathway cascades is critical to a comprehensive understanding of these cancers, their development, and their progression.[@CIT0017] Identifying specific genes whose expression and function are dysregulated in cervical cancers may lead to the identification of novel therapeutic targets.

NFX1 (Nuclear Transcription Factor, X-Box Binding 1) is a gene whose product was initially identified as a transcriptional repressor that binds to the conserved X box motif of HLA-DRA as well as to other MHC class II genes.[@CIT0018] NFX1 plays a role in regulating the duration of an inflammatory response by limiting the induction period of MHC class II molecules by IFN-gamma.[@CIT0018] Three alternative splice variants of NFX1 have been identified, two of which are expressed in epithelial cells and have distinct functions.[@CIT0019]--[@CIT0024] Previously, our laboratory demonstrated that the E6 oncoprotein of HR HPV type 16 (16E6) partners with the longer splice variant isoform of NFX1, NFX1-123, to deregulate several cellular processes and increase expression of multiple genes in primary human foreskin keratinocytes (HFKs).[@CIT0025] NFX1-123 functions synergistically with 16E6 to post-transcriptionally stabilize the mRNA of hTERT, the catalytic subunit of telomerase, increase Notch1 expression,[@CIT0022],[@CIT0025] augment JNK signaling, and enhance epithelial differentiation.[@CIT0026] The partnership between 16E6 and NFX1-123 is thus multifunctional. The study presented here investigates the expression of a subset of the 16E6 and NFX1-123 upregulated genes in primary cervical cancers. We found nearly 70% of the genes upregulated by HPV16E6/NFX1-123 in HFKs were also significantly overexpressed in cervical cancers. Overexpression of novel genes that had not been previously associated with HPV positive cancers, such as SLPI, CEBPD and RAET1G, represents new avenues for further investigation and potential therapeutic targets.

Materials and Methods {#S0002}
=====================

Cell Culture {#S0002-S2001}
------------

SiHa, Caski and HeLa cervical cancer cell lines were a kind gift of Dr. Denise Galloway, and they were authenticated by confirmation of HPV gene expression. Cell lines were cultured in DMEM with 10% FBS and penicillin and streptomycin. Primary human foreskin keratinocytes were isolated from neonatal foreskins and cultured in EpiLife media (Thermo Fisher Scientific, Grand Island, NY) as described previously supplemented with calcium chloride (60 μM), human keratinocyte growth supplement, and penicillin-streptomycin.[@CIT0026] Human foreskin keratinocytes were considered not human subjects as per the Indiana University IRB. All cell culture studies were approved by the Indiana University IBC.

Immunohistochemistry and Histologic Analysis {#S0002-S2002}
--------------------------------------------

Thirty-one normal cervical and 34 HPV 16 positive cervical carcinoma in situ (CIS n=4) or squamous cell carcinoma samples (noted per specimen pathology reports as moderately differentiated n=4; poorly differentiated n=16; invasive n=10) that were formalin-fixed and paraffin-embedded (FFPE) were obtained from the University of Washington HPV Research Group Specimen Repository. These samples were deidentified and considered not human subjects as per the University of Washington and Seattle Children's Research Institute IRBs. Sections were stained as previously published[@CIT0023] with these modifications for primary antibodies and conditions: anti-NFX1-123 (rabbit polyclonal, 1:1000 dilution, kind gift from Dr. Ann Roman), anti-Notch1 (rabbit polyclonal, 1:100, Cell Signaling Technology, Danvers, MA, USA), anti-Ki67 (mouse, 1:100, Dako, Santa Clara, USA), and anti-Keratin 1 (rabbit polyclonal, 1:500, Thermo Fisher, Waltham, MA, USA). Antibodies were added and incubated with sections on slides overnight at 4°C in a humidified chamber and then washed. Slides were incubated for 30 min at room temperature with Rabbit SignalStain Boost IHC Detection Reagent (Cell Signaling Technology, Danvers, MA, USA), washed, and then incubated with SignalStain DAB (Cell Signaling Technology, Danvers, MA, USA). Sections were counterstained with hematoxylin and washed. The sections were subsequently dehydrated and mounted. Staining intensity was scored through a review of multiple 20x slide images. Scoring was based on the maximum staining intensity of a specimen: none (no stain), low (yellow), moderate (yellow-brown) or high (dark brown). Analysis of the scoring was reviewed and confirmed by all co-authors.

The Cancer Genome Atlas Data Analysis {#S0002-S2003}
-------------------------------------

Though there are seven different cancers associated with HPV infections, we restricted our analysis for this study to cervical cancers. UCSC Xenabrowser ([<https://xenabrowser.net>]{.ul}) was used to obtain normalized mRNA gene expression data in cancer samples from The Cancer Genome Atlas, TCGA Target GTEx.[@CIT0027] Normal tissues of the cervix were identified, and gene expression data from these tissues were used as a normal control. In the TCGA cervical cancer database, gene expression from 303 primary tumors and 10 normal cervical tissues were quantified and compared. Two metastatic tumors and three 'normal solid tissues' from the TCGA database were excluded from the primary tumor analysis. Out of the 25 genes previously identified by our laboratory as upregulated two fold or more by 16E6/NFX1-123,[@CIT0025] 19 genes had expression data available for analysis. In addition to these genes, we also determined the expression of NFX1 and NFXL1 in the cervical samples. Of note, this browser did not specify any splice variant isoforms of NFX1, and as such did not delineate the expression of individual isoforms, such as NFX1-91 and NFX1-123, the latter of which is the longer splice variant of the NFX1 gene.

The Human Protein Atlas Data Analysis {#S0002-S2004}
-------------------------------------

Genes that were upregulated by 16E6 and NFX1-123 in HFKs,[@CIT0025] along with NFX1 encoded protein expression, were searched in The Human Protein Atlas database ([<https://www.proteinatlas.org/>]{.ul}).[@CIT0028],[@CIT0029] The rabbit polyclonal anti-NFX1 (HPA073519) antibody utilized in The Human Protein Atlas database was generated using an immunogen sequence from the N terminus (AA 49 to 132), and it is expected to recognize both the isoforms of NFX1 (NFX1-91 and NFX1-123) as this region is common to both. Images were filtered for type of cervical cancer in the Pathology Atlas or for matching normal tissue in the Tissue Atlas. Representative image sections were taken from the high-resolution immunohistochemical staining images available in the database. Scores for the immunohistochemical staining intensity were included in the database, low (L), medium (M), or high (H), and they were specified utilizing the validated scoring system from The Human Protein Atlas database. The \* symbol in images denotes high protein expression in glandular, as opposed to epithelial, cells.

Western Blot Analysis {#S0002-S2005}
---------------------

Protein expression of selected genes (RAET1G, Notch1, Transglutaminase1 (TGM1) and FOXA2) were analyzed by Western blot in human foreskin keratinocytes (HFKs), SiHa, CaSki, and HeLa cells. Forty micrograms of whole-cell protein extracts were separated by gel electrophoresis in 4--20% precast Mini-Protein TGX gels and transferred using the Transfer-Blot Turbo transfer pack and the Trans-Blot Turbo Transfer System (Bio-Rad, Hercules, CA, USA). Protein detection was performed with the following primary antibodies: RAET1G (Mouse RAET1G, 1:100 dilution, Santa Cruz Biotechnology, Cat No. sc-53134, Dallas, TX, USA); Notch1 (Rat Notch1 5B5, which detects both full-length Notch1 at 300kDa and its inactive NTM domain at 120kDa, 1:500 dilution, Cell Signaling Technology, Cat No.3447, Danvers, MA, USA); Transglutaminase 1 (Rabbit TGM1 1:500 dilution, Abcam, Cat No. ab27000, Cambridge, MA, USA); FOXA2 (Mouse HNF-3α/β (E-4) FOXA2, 1:100 dilution, Santa Cruz Biotechnology, Cat No. sc-377033, Dallas, TX, USA), and beta-actin (Mouse beta-actin (AC-15), 1:2000 dilution, Invitrogen, Cat No. AM4302, Waltham, MA USA). Membranes were blocked for one hour at room temperature in 2% ECL prime Western blot blocking agent (Amersham GE Healthcare, Pittsburgh, PA, USA), and then primary antibodies were diluted in 2% ECL prime Western blot blocking agent (Amersham GE Healthcare, Pittsburgh, PA, USA) and incubated with membrane blot bound proteins at 4°C overnight. Blots were washed with PBS-T, and then HRP conjugated secondary antibodies were added at a dilution of 1:2000 for RAET1G, TGM1 and FOXA2, or dilution of 1:5000 for Notch1 to 2% ECL prime Western blot blocking agent and incubated at 25 degrees for two hours. Secondary antibody for beta-actin was added at a dilution of 1:10,000 to 2% ECL prime Western blot blocking agent and incubated for one hour. The blots were washed with PBS-T, developed with ECL Prime Western Blot detection reagent, and images were captured with the ChemDoc Imaging unit (Bio-Rad, Hercules, CA, USA).

Image J (NIH, 1.47v, Washington, D.C., USA) quantification of Western blot analyses was used to determine the relative expression of these proteins of interest. For each cell line, band intensity was normalized to its loading control beta-actin, and then fold differences in protein expression were determined relative to the expression level of the protein of interest in HFKs.

Statistical Analysis {#S0002-S2006}
--------------------

Gene expression mRNA data were analyzed for statistical significance using *t*-test (and nonparametric tests) by choosing Mann--Whitney test and comparison ranks. Results of the Mann--Whitney test were considered significant if the p-value was ≤0.05. All exact p-values are shown (GraphPad Prism 8.0.2 Software, San Diego, CA, USA).

Results {#S0003}
=======

NFX1-123, Proliferation Markers, and Differentiation Markers Were Highly Expressed in Cervical Cancer Specimens {#S0003-S2001}
---------------------------------------------------------------------------------------------------------------

NFX1-123 is a known protein partner of 16E6, and together they upregulate several genes in HFKs that are involved in keratinocyte growth and differentiation including Notch1 and Keratin 1.[@CIT0025] We have previously shown that NFX1-123 itself is upregulated in cervical cancer cell lines[@CIT0024] and primary cervical cancers[@CIT0023] compared to normal cervical tissue, but the full spectrum of NFX1-123 expression across cancers or normal tissue types has not been described. Additionally, the expression of genes, shown to be collaboratively regulated by NFX1-123 and 16E6 in HFKs, has been not examined in the context of cancer. To evaluate the range of expression of NFX1-123 and 16E6/NFX1-123 co-regulated genes, 34 paraffin-embedded formalin fixed HPV 16 positive cervical cancer samples were stained for NFX1-123, Notch1, Ki67, and Keratin1 protein via immunohistochemical staining (IHC). The resulting stained specimens were graded as having high, medium, low or non-detected intensity staining. A representative image of each category of staining and the total number and percentage of tumors in each are presented in [Figure 1A](#F0001){ref-type="fig"}. For NFX1-123, 94% (32 out of 34) of tumors had high or medium staining ([Figure 1A](#F0001){ref-type="fig"}). High or medium staining was also seen for Notch1, Ki67, and Keratin 1 in 77% (26 out of 34), 91% (31 out of 34), and 97% (33 out of 34) of tumor samples, respectively ([Figure 1A](#F0001){ref-type="fig"}). None of these tumors fell within the non-detectable staining category for any of the markers.Figure 1NFX1-123 and proliferation and differentiation marker protein expression in HPV16 positive cervical cancer tissues. (**A**) Immunohistochemical staining of NFX1-123, Notch1, Ki67, and Keratin 1 in HPV16 positive cervical tumors (n = 34). Representative images of high, medium, and low staining are shown for each protein. Number of tumors and corresponding percent of total tumors graded as high, medium, or low staining were quantified and shown in graphs (right). (**B**) Heat map representation of the NFX1-123, Notch1, Ki67 and Keratin 1 expression in cervical cancer samples (n = 34) and normal cervical epithelial samples (n = 31). The cervical tumors are clustered by histologic classification (carcinoma in situ (CIS), moderately differentiated, poorly differentiated, or invasive squamous cell carcinomas (SCC)) and the normal cervical tissues clustered by cytologic classification (negative or reactive cellular changes). The staining intensity of both the HPV 16 positive cervical cancers and the normal cervical specimens were converted to a four-point colorimetric scale: 1= non-detected, 2 = low, 3 = medium, 4 = high.

To further investigate how the expression of NFX1-123 and these three associated regulated genes shifted in the context of cancer, 31 normal cervical epithelial specimens were stained by IHC for comparison. The staining intensity of both the HPV 16 positive cervical cancers and the normal cervical specimens were then converted to a four-point colorimetric scale, with no detection corresponding to a one and high intensity a four. A heat map for each sample, using this colorimetric scale for all four proteins, is shown in [Figure 1B](#F0001){ref-type="fig"}. The cervical samples are clustered by their histologic classification extracted from the HPV Research Group Specimen Repository database (carcinoma in situ, moderately differentiated, poorly differentiated, or invasive squamous cell carcinomas) for cancerous specimens ([Figure 1B](#F0001){ref-type="fig"}, left) or by cytologic classification (negative or reactive cellular changes) for normal cervical tissues ([Figure 1B](#F0001){ref-type="fig"}, right). Overall, the cervical tumors showed more intense staining than the normal cervical samples for these proteins except for Keratin 1, which was more highly expressed in the normal cervix. Furthermore, IHC analysis of NFX1-123 also revealed high expression (62%,16 out of 26) in the invasive and poorly differentiated tumors as compared to moderately differentiated and CIS samples (38% 3 out of 8) ([Figure 2B](#F0002){ref-type="fig"}). In addition to confirming our previous findings that primary cervical tumors have higher overall expression of NFX1-123,[@CIT0023] these data suggest that increased expression of NFX1-123 is more common with worse tumor grades. Finally, these IHC data demonstrate that increased gene expression may also extend to other genes, like Notch1, that are co-regulated by NFX1-123 and 16E6.[@CIT0024]Figure 2NFX1 and NFX1L1 mRNA and protein expression was upregulated in cervical and head and neck cancers. (**A**) mRNA expression of NFX1 and NFX1L1 in normal cervix (n = 10) and cervical primary tumors (n = 303) from TCGA Target GTEx database were plotted for graphical presentation using GraphPad Prism. (**B**) IHC analysis of NFX1 protein expression in normal cervical tissues (n = 3) and cervical tumors (n = 11) from The Human Protein Atlas database. Representative images of normal cervical tissue and cervical tumors are shown. M = medium staining intensity, H = high. Number of tumors and corresponding percent of total tumors graded as high or medium were quantified and shown in graphs (right).

### Greater NFX1 and NFXL1 mRNA and NFX1 and NFX1-123 Protein Detected in Human Cervical Cancers {#S0003-S2001-S3001}

We expanded our analyses of NFX1 and other genes collaboratively regulated by NFX1-123 and 16E6 by using the publicly available databases of TCGA and The Human Protein Atlas. These databases contain an expansive set of cancer types; we chose to focus our investigations on cervical cancer, of which HR HPV is responsible for 99% of cases. In TCGA Target GTEx, we first examined mRNA expression of Nuclear Transcription Factor, X-Box Binding 1 (NFX1) and a gene with NFX1 domain similarity, Nuclear Transcription Factor, X-Box Binding Like 1 (NFXL1),[@CIT0030] comparing their expression in 303 cervical tumors to 10 normal cervical samples. Of note, our previous work has focused specifically on NFX1-123, which is the longer splice variant isoform of NFX1, and the expression status of NFXL1 is not known in HPV-associated cancers. There was a statistically significant upregulation of NFX1 and NFXL1 mRNA in the cervical cancers compared to normal tissue ([Figure 2A](#F0002){ref-type="fig"}). Supporting this, 100% of the cervical tumors in the Human Protein Atlas database had medium to high expression of NFX1 (n=11) ([Figure 2B](#F0002){ref-type="fig"}). While the protein and the mRNA expression data obtained from these databases did not specify the isoforms of the NFX1 gene that were expressed, these data did corroborate the high expression of NFX1-123 in cervical cancer samples from the biorepository specimens ([Figure 1A](#F0001){ref-type="fig"}). Overall, we see high mRNA and protein levels of NFX1 across cervical cancer, suggesting that increased NFX1 expression may have a critical role in HPV-associated cancers.

mRNA Overexpression of 16E6/NFX1-123 Modulated Genes Was a Signature in Cervical Cancer {#S0003-S2002}
---------------------------------------------------------------------------------------

Following our observation that NFX1-123 protein expression, as well as NFX1 mRNA levels, were increased in cervical cancers ([Figures 1](#F0001){ref-type="fig"} and [2](#F0002){ref-type="fig"}), and knowing that 16E6 and NFX1-123 increased a wide range of genes and regulated several cellular pathways in HFKs,[@CIT0024],[@CIT0025],[@CIT0031] we chose to investigate if these same genes were also increased in cervical tumors. We returned to the TCGA Target GTEx database to examine mRNA expression of genes shown to be upregulated twofold or more in HFKs with 16E6 and overexpressed NFX1-123.[@CIT0025] The expression profiles for 19 of the 25 16E6/NFX1-123 upregulated genes were available in TCGA for normal and cancer cervical samples. We found 74% (14 out of 19) of the genes were significantly upregulated in cervical cancers ([Figure 3](#F0003){ref-type="fig"}). Five genes, LOR, *CEBPD, LCE2B, FOXA2*, and *FBN2*, were deregulated in cervical cancer samples but did not reach statistical significance compared to normal samples due to variability within the population of samples.Figure 3mRNA expression of genes regulated by HPV 16E6 and NFX1-123 were significantly upregulated in cervical cancer. mRNA expression of 19 genes regulated by 16E6 and NFX1-123 were analyzed using TCGA Target TGEx in normal cervix (n = 10) compared to cervical primary tumors (n = 303). Significance was determined using two-tailed Mann--Whitney test. 14 of 19 genes were significantly upregulated in cervical tumors compared to normal tissue. *LOR, CEBPD, LCE2B, FOXA*2, and *FBN2* were deregulated in cervical cancers, although they did not reach statistical significance. Note the Y-axis scales for individual gene expression datasets were adjusted to demonstrate samples with no detectable gene expression (0 value).

Collectively, we found higher expression of NFX1-123, NFX1, and NFXL1 in cervical cancers ([Figures 1](#F0001){ref-type="fig"} and [2](#F0002){ref-type="fig"}), and this high expression was associated with an increase in the majority of genes previously identified as upregulated in 16E6-expressing HFKs with overexpression of NFX1-123.[@CIT0025] To determine if there was a correlation between the relative expression of NFX1 and its associated upregulated genes, we segregated samples into quartiles of NFX1 expression. Then, within the top and bottom quartile of NFX1 expression, we determined the relative expression of the 19 genes in the TCGA database. We did not identify specific relational correlation between high and low NFX1 levels and a matching expression level of any of the 19 genes (data not shown). However, we did note that expression of NFX1 was high across all cervical cancer samples with minimal variation. The lowest and highest fold expression of NFX1 in cervical primary tumors fell between 17.7 and 18.58, making any subset or correlative analysis challenging. Despite this, we do know that these upregulated genes promote proliferation, differentiation and invasion of cancer cells and as such may represent an expression signature for HPV-associated cancers.

Differential Protein Expression of 16E6/NFX1-123 Modulated Genes in Cervical Cancers {#S0003-S2003}
------------------------------------------------------------------------------------

Having seen mRNA increased for 16E6/NFX1-123 regulated genes, we next investigated whether the proteins encoded by these genes were also increased in cervical cancer. A subset of the 19 genes (n=9) available for mRNA expression comparison between normal and tumor tissues were also available for protein analysis in The Human Protein Atlas database. Representative images of the IHC staining for the nine genes are shown for normal cervix ([Figure 4](#F0004){ref-type="fig"}, left panels) or cervical tumors ([Figure 4](#F0004){ref-type="fig"}, middle panels) as well as quantification of the protein staining (not detected (ND), low, medium, or high) ([Figure 4](#F0004){ref-type="fig"}, right panels). In normal tissue, IHC staining was largely non-detected. In tumors, the highest level of staining intensity is described below: 100% (12 of 12) medium to high levels of Notch1; 8% (1 of 12) low levels of ALDH3B2; 17% (2 of 12) low levels of KRT16; 17% (2 of 12) medium levels of IMPA2; 100% (11 of 11) medium levels of RPS29; 75% (9 of 12) medium to low levels of FOXA2; 58% (7 of 12) medium to low levels of PPL; 64% (7 of 11) medium to low levels of SLPI; and 30% (3 of 10) medium to low levels of TGM1.Figure 4HPV 16E6/NFX1-123 regulated proteins were differentially expressed in cervical cancers. Relative expression of nine 16E6/NFX1-123 regulated proteins were compared in cervical tumors and normal cervical samples from The Human Protein Atlas database. Representative images of the IHC staining for the 9 genes are shown for normal cervix (left) or for cervical tumors (middle panels). Number of tumors and corresponding percent of total tumors graded as high, medium, or low staining were quantified and shown in graphs (right).**Abbreviations:** ND, not detected; L, low; M, medium; H, high.

Therefore, of the nine genes, five had medium to high protein expression in most cervical tumors: PPL, SLPI, FOXA2, RSP29, and Notch1. More specifically, for RSP29 and Notch1, all tumors evaluated had medium to high expression. The IHC staining of HPV 16 positive cervical cancer tissues also revealed high expression of Notch1 (76%, 28 out of 37, [Figure 1](#F0001){ref-type="fig"}), further supporting the involvement of Notch1 in cervical cancers. Altogether, these results suggest that PPL, SLPI, and FOXA2, as well as RSP29 and Notch1 may play a critical role in cervical oncogenesis and are potential targets through which 16E6 and NFX1-123 work to promote HPV-associated cancers.

High Protein Expression of 16E6/NFX1-123 Modulated Genes Were Confirmed in HPV Positive Cervical Cancer Cell Lines {#S0003-S2004}
------------------------------------------------------------------------------------------------------------------

Lastly, we conducted expression analyses in three well-characterized HPV positive cervical cancer cell lines to further corroborate the relationship between HPV, NFX1-123, and expression levels of these genes. Western blot analyses of whole-cell protein extracts from SiHa, CaSki (both HPV 16 positive), and HeLa (HPV 18 positive) cell lines were compared to primary human foreskin keratinocytes (HPV negative, HFKs). We have previously shown that NFX1-123 is highly expressed in HPV positive cervical cancer cell lines compared to HFKs.[@CIT0024] Here we demonstrate that RAET1G, Notch1, TGM1, and FOXA2 protein levels were also higher in HPV positive cervical cancer cell lines compared to HFKs ([Figure 5](#F0005){ref-type="fig"}). Transglutaminase 1 was highly expressed in CaSki cells. Notch1 had greater protein expression in the two HPV 16 positive cervical cancer cell lines, while RAET1G and FOXA2 were highly expressed in all three cervical cancer cell lines. These results in select genes support the RNA and protein increases seen by immunohistochemical staining and in the TCGA and Protein Atlas databases. Greater NFX1-123 expression and 16E6 co-expression was associated with high expression of several genes that promote growth and differentiation as well as the malignant and metastatic potential of cancer cells.Figure 5Protein expression of genes upregulated with overexpressed NFX1-123 and 16E6 in HPV positive cell lines. Western blot analysis of NFX1-123 and 16E6 regulated proteins (**A**) RAET1G and Notch1 (**B**) TGM1 and (**C**) FOXA2 in primary human foreskin keratinocytes (HFK), HPV 16 positive cervical cancer cell lines (SiHa and CaSki), and a HPV 18 positive cervical cancer cell line (HeLa). Beta-actin was used as a loading control. Fold expression of each protein of interest is shown for these cervical cancer cell lines relative to typical expression in HFKs.

Discussion {#S0004}
==========

The global incidence of HPV-associated cancers remains high, especially in Asia and sub-Saharan Africa, where HPV is responsible for 30.6% and 15.8%, respectively, of all annual cancer cases.[@CIT0032] Despite the availability of vaccines that protect against infection, insufficient screening and poor vaccination rates limit their efficacy. Furthermore, none of these vaccines cure established infections or diseases; thus, generations of women will be affected by HPV and HPV-associated cancers. Understanding the biology and precise molecular alterations occurring in HPV-associated cancers, and cervical cancer specifically, may lead to identification of new therapeutic strategies and targets.

Previous work in our laboratory identified NFX1-123 as a host protein partner of the E6 protein of HPV type 16.[@CIT0021] A microarray of HFKs expressing 16E6 and overexpressing NFX1-123 revealed a significant upregulation of 25 genes: *CCNB1IP1, HSPBL2, TGM1, SLPI, KRT16, SPRR2G, LCE1B, LOC400578, LOC400578, MGC102966, LOC729252, FBN2, RPS29, PPL, RAB7B, CEBPD, ALDH3B2, LCE2B, LOR, BNIPL, RAET1G, LOC643031, FOXA2, IMPA2*, and *Notch1*.[@CIT0025] As a collective, these genes are involved in epithelial differentiation (*LCE2B, LCE1B, Notch1, LOR, TGM1*); cell growth and survival (*PPL, CCNB1IP1, Notch1)*; inflammation and immune response (*SLPI, KRT16, RAET1G, CEBPD)*; and cellular signaling *(FOXA2, CEBPD, IMPA2)*. Additional studies from our laboratory have confirmed that a set of these genes, and their related pathways, are regulated by NFX1-123 and 16E6 in primary HFKs;[@CIT0025] however, we were also interested in investigating whether these genes were differentially expressed in the greater context of HPV-associated cancers. This study examines the expression of *NFX1, NFX1L1*, and 16E6/NFX1-123 upregulated genes in HPV-associated primary cervical cancers and normal tissues using The Cancer Genome Atlas (TCGA) database, The Human Protein Atlas database, and immunohistochemical staining of primary cervical samples.

Confirming previous results,[@CIT0023] IHC analysis of cervical biorepository samples revealed higher expression of NFX1-123 in primary cervical cancers compared to normal cervix ([Figure 1](#F0001){ref-type="fig"}). Interestingly, a greater percentage of invasive and poorly differentiated tumors had high staining intensity for NFX1-123 (62%, 16 of 26) compared to moderately differentiated tumors and CIS specimens (38%, 3 of 8) ([Figure 1](#F0001){ref-type="fig"}). These results suggest not only that greater expression of NFX1-123 may be selected for during the development of cancer, but also that NFX1-123 levels may increase even further over the course of oncogenic progression or in advanced stages of cervical cancer. Analysis of NFX1 and NFXL1 expression in cervical cancers in TCGA and The Human Protein Atlas complemented the IHC staining of cervical biorepository samples; there was increased expression of NFX1 compared to normal tissue ([Figure 2](#F0002){ref-type="fig"}).

Although the mechanism that leads to greater expression of NFX1, and NFX1-123, in cervical cancer has not been determined, it was recently demonstrated that NFX1-123 binds to and is a substrate of the deubiquitinase USP9X, whose activity prevents the proteasomal degradation of NFX1-123 protein.[@CIT0033] We also had identified that NFX1-123 bound USP9X, also known as Deubiquitinating Enzyme FAF-X, in a tandem affinity purification assay.[@CIT0021] Keratinocytes immortalized with high-risk HPV E6/E7 showed upregulation of USP9X activity.[@CIT0034] This increase in USP9X activity may be a mechanism by which HR HPV regulates levels of NFX1-123, and through NFX1-123, regulates, in turn, a number of genes that potentially promote cancer initiation and maintenance.

Our analysis of cervical cancers also revealed 14 of 19 genes previously found to be co-regulated in HFKs by 16E6 and NFX1-123 were overexpressed in primary cervical tumors.[@CIT0025] We recognize that further studies will need to be conducted to evaluate the mRNA as well as protein expression of the NFX1-123 isoform in these tumors. These studies will draw relational or functional correlations between the expression levels of NFX1-123 specifically and these genes, rather than associative ones to greater expression of NFX1 as a whole. However, it is reassuring that NFX1 expression and 74% of the co-regulated genes available for analysis were increased in cervical tumors when compared to normal cervical tissue. One important transcript and its encoded protein that was significantly upregulated in cervical cancer is Notch1. Notch1 expression and signaling in cervical cancer are controversial, as its overexpression has been associated with both progression[@CIT0035] and suppression[@CIT0036] of cervical cancer. We have previously seen that in HFKs, 16E6 and NFX1-123 potentiate the expression of Notch1 itself and its canonical and non-canonical signaling pathways,[@CIT0024] although how this role is carried into or changed during cancer development and maintenance has not yet been explored. Notch1 signaling is associated with the activation of the PI3K/Akt pathway and upregulation of c-Myc, two critical oncogenic effectors in cervical cancer,[@CIT0037] and higher expression of Notch1 has been seen in previous studies of cervical cancer development and precancerous lesions.[@CIT0038]--[@CIT0040] Notwithstanding, our IHC staining results for Notch1 in cervical biorepository samples demonstrated its greater expression in HPV 16 positive tumor samples ([Figure 1](#F0001){ref-type="fig"}). Additionally, our analysis using The Protein Atlas database revealed the higher expression of Notch1 in cervical tumor tissues compared to normal tissue ([Figure 4](#F0004){ref-type="fig"}).

We also identified Small Proline-Rich Protein 2G (*SPRR2G*) as upregulated in cervical cancer in this study; these findings corroborate work from others that SPRR2G is upregulated in HPV-associated vulvar and vaginal cancers.[@CIT0041] Additionally, Cytokeratin 16 (*KRT16)* was significantly upregulated, and published data have documented upregulation of *KRT16* in the cervical cancer cell line, HeLa, compared to HaCaT and HEK293T cells.[@CIT0042]

Although their exact functional roles in HPV-associated cancers have not yet been defined, a number of genes in our study have been correlated with other malignancies. *Transglutaminase 1* (*TGM1*) is an enzyme involved in crosslinking of proteins and catenation of polyamines to proteins. It is commonly considered a marker of epithelial differentiation, and its upregulation reflects previous work from our laboratory demonstrating how 16E6 and NFX1-123 mediate epithelial differentiation during active HPV infection.[@CIT0025],[@CIT0026] In the context of cancer, TGM1 functions to promote stemness and chemoresistance in gastric cancer[@CIT0043] and is highly expressed in non-small cell lung cancer cells.[@CIT0044] Fibrillin 2 (*FBN2*), a large glycoprotein essential for formation of elastic fibers in the extracellular matrix, was reported to be aberrantly methylated in non-small cell lung cancer[@CIT0045] and colorectal cancers.[@CIT0046] The forkhead transcription factor FOXA2, has been shown to coordinate lung cancer tumor growth[@CIT0047] and methylation of its CpG sites were significantly associated with overall survival in oral squamous cell carcinoma.[@CIT0048] We also observed the upregulation of periplankin (*PPL)* mRNA and protein in cervical cancers. PPL has been reported to be involved in dynamic changes of keratin cytoskeleton.[@CIT0049] Its high expression in esophageal squamous cell carcinomas was correlated with tumor progression, lymph node metastasis, poor prognosis and advanced stage of cancer.[@CIT0050]

Our results also revealed the overexpression of genes involved in inflammation and the immune response (*SLPI, KRT16, CEBPD*, and *RAET1G*). Secretory leukocyte protease inhibitor (*SLPI*) promotes cell proliferation, invasion, metastasis, and drug resistance.[@CIT0051],[@CIT0052] In patients with HR HPV positive low or high grade squamous intraepithelial lesions, SLPI concentrations in the cervical mucus were increased compared to controls.[@CIT0053] These results, combined with our finding that SLPI was significantly upregulated in cervical cancers ([Figures 3](#F0003){ref-type="fig"} and [4](#F0004){ref-type="fig"}), merit further investigation of the role of SLPI in cervical cancers. CCAAT/enhancer binding protein delta (*CEBPD*) functions as transcription factor in cellular differentiation[@CIT0054] and the immune response,[@CIT0055] and its upregulation confers aggressiveness in urothelial carcinoma.[@CIT0056] However, CEBPD expression downregulation was noted in cervical and hepatocellular carcinoma due to epigenetic silencing.[@CIT0057] Retinoic acid early transcript 1G (*RAET1G*), is a ligand for the NKG2D receptor, mediates natural killer cell cytotoxicity,[@CIT0058] and RAET1G expression was correlated with shorter survival in cervical cancer.[@CIT0059] Again, we found overexpression in cervical cancers and HPV positive cervical cancer cell lines compared to normal tissues and HPV negative cell lines ([Figures 3](#F0003){ref-type="fig"} and [5](#F0005){ref-type="fig"}).

Our analysis of BCL2/adenovirus E1B 19 kD interacting protein like, *BNIPL*, gene expression at the mRNA level showed significant increase in cervical cancer. However, BNIPL expression was found downregulated in anal cancers (n=13) which is an HPV-associated cancer.[@CIT0060] Furthermore, transcriptome profiling analysis by deep sequencing showed *BNIPL* downregulation in cervical squamous cancers compared to the normal cervix in patients in China, albeit in a small sample (n=3).[@CIT0061] The differing findings regarding BNIPL levels in HPV-associated cancers may partially be due to the other oncogenic pathways that are altered in cancer cells and regulating BNIPL expression. Functions of *IMPA2* in HPV-associated cancers are not known, but in other contexts, IMPA2 is involved in metabolism of carbohydrates, inositols, and phosphatases, and is associated with bone metastasis of breast cancer.[@CIT0062]

Poor implementation of global prevention and screening programs mean generations of women remain at risk for cervical and other HPV-associated cancers. Moreover, current treatment options for advanced HPV-associated cancers are suboptimal. It is therefore critical to understand the molecular and cellular dysregulation driven by high-risk HPV in order to identify novel therapeutic targets and strategies for HPV-associated cancers. To elucidate potential targets, we previously utilized HPV 16 transduced human foreskin keratinocytes and identified significant, specific gene expression alterations. Now, these have been confirmed and validated in HPV positive cervical cancers and cell lines. Collectively, these studies highlight novel gene alterations that may serve as therapeutic targets.

Conclusion {#S0005}
==========

In this study, we confirmed the significant increased expression of a subset of genes regulated by HPV 16E6 and its host protein partner NFX1-123, as well as the increase of NFX1-123 itself. Understanding the mechanisms by which 16E6 modulate these genes, the functional consequences upon the tumor cell, and ultimately, the implications for cancer initiation or maintenance will shed the light on potential pathways that may be targeted to effectively eliminate HPV-associated cancers.
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